Objective: Brown adipose tissue (BAT)emediated thermogenesis plays a key role in energy homeostasis and the maintenance of body temperature. Previous work suggests that brain-derived neurotrophic factor (BDNF) is involved in BAT thermogenesis, but the underlying neural circuits and molecular mechanism remain largely unknown. This is in part due to the difficulties in manipulating BDNF expression in different brain regions through different promoters and the lack of tools to identify neurons in the brain specifically involved in BAT thermogenesis. Methods: We have created several lines of mutant mice in which BDNF transcription from a specific promoter was selectively disrupted by replacing Bdnf with green fluorescent protein (GFP; Bdnf-e1, -e4, and -e6 À/À mice). As such, cells expressing Bdnf-e1, -e4, or -e6 were labeled with GFP. To identify BAT-connected thermogenesis neurons in brain, we applied the retrograde pseudorabies virus labeling method from BAT. We also used chemogenetic tools to manipulate specific neurons coupled with BAT temperature recording. Moreover, we developed a new TrkB agonist antibody to rescue the BAT thermogenesis deficits. Results: We show that selective disruption of Bdnf expression from promoter 1 (Bdnf-e1) resulted in severe obesity and deficits of BAT-mediated thermogenesis. Body temperature response to cold was impaired in Bdnf-e1 À/À mice. BAT expression of Ucp1 and Pcg1a, genes known to regulate thermogenesis, was also reduced, accompanying a decrease in the sympathetic activity of BAT. Staining of cells expressing Bdnf-e1 transcript, combined with transsynaptic, retrograde-tracing labeling of BAT-connected neurons, identified a group of excitatory neurons in lateral hypothalamus (LH) critical for thermogenesis regulation. Moreover, an adaptive thermogenesis defect in Bdnf-e1 À/À mice was rescued by injecting an agonistic antibody for TrkB, the BDNF receptor, into LH. Remarkably, activation of the excitatory neurons (VGLUT2þ) in LH through chemogenetic tools resulted in a rise of BAT temperature. Conclusions: These results reveal a specific role of BDNF promoter I in thermogenesis regulation and define a small subset of neurons in LH that contribute to such regulation.
INTRODUCTION
In homothermal animals, such as rodents and human beings, a substantial portion of energy is spent on maintaining body temperature via thermogenesis [1] . In rodents, at the condition of common housing temperature (20e24 C), about 30%e50% of total energy expenditure comes from cold-induced thermogenesis [2] , mainly mediated by brown adipose tissue (BAT) situated in the upper thorax [1] . BAT thermogenesis is controlled by the sympathetic drive, which is connected polysynaptically with neurons in the hypothalamus [3e6]. Because of sympathetic innervation, norepinephrine (NE) release in BAT leads to an increased expression of uncoupling protein 1 (UCP1) [5] , a mitochondrial proton carrier in brown adipocytes that uncouples the respiratory chain from adenosine triphosphate (ATP) synthesis, thereby allowing heat generation [5, 7] .
Brain-derived neurotrophic factor (BDNF) has long been known to play a key role in energy homeostasis, particularly in food intake. Genetic and pharmacological manipulations of BDNF and its receptor TrkB in animals and humans result in obesity, largely due to hyperphagia [8e 11]. However, relatively few studies have addressed the role of BDNF in energy expenditure [12e14] . Brain administration of BDNF was found to enhance the release of NE and increase the expression of UCP1 in BAT [13] . Further, infusion of BDNF into the paraventricular hypothalamus (PVH) increases energy expenditure coupled with elevation of UCP1-mediated thermogenesis [15] . In contrast, only energy expenditure, but not UCP1 levels in BAT, were increased when BDNF was injected into the ventral medial hypothalamus (VMH) [14] . These results suggest that exogenously applied BDNF could regulate BAT thermogenesis through brain control of the sympathetic nervous system. 1 Although pharmacologic studies have revealed a role of BDNF in thermogenesis, the underlying mechanisms remain largely unknown. A major reason lies in the distribution of BDNF in many different brain regions, which contributes to a plethora of brain functions by promoting synaptic transmission and plasticity [16e21] . It is difficult to establish the specific brain regions, neural circuits, and cell types that mediate BDNF regulation of thermogenesis. One feasible approach is to knockout the Bdnf gene in different hypothalamic subregions specifically. Indeed, genetic deletion of Bdnf in PVH resulted in hyperphagia and reduced energy expenditure, suggesting that PVH BDNF is also involved in thermogenesis [12] . However, it is challenging to tease apart how BDNF differentially regulates thermogenesis and food intake in PVH [6] . Moreover, such region-specific knockout approaches could not discover new regions/circuits, resulting in less robust effects. To overcome the above limitations and discover new brain regions and mechanisms contributing to BDNF regulation of thermogenesis, we have taken a different approach: to examine thermogenesis in animals with genetic mutations on different Bdnf promoters, which drive BDNF expression in a subset of brain regions. The genomic structure of Bdnf is quite unique. There are 9 upstream promoters; each drives a small exon that is alternatively spliced onto a common exon 10, which encodes the entire BDNF protein [22] . Thus, there are 9 different Bdnf transcripts in the brain coding for the same BDNF protein [23] ; each may be expressed in specific types of neurons in distinct brain areas and developmental stages and/or regulated differentially by environmental factors. Using knock-in mouse lines in which an individual promoter was specifically disrupted, we have shown that different Bdnf transcripts can be linked to different signaling pathways and behaviors [24e28] . In the present study, we hypothesized that different Bdnf promoters may mediate different aspects of energy homeostasis. Indeed, disruption of Bdnf promoter I (Bdnf-e1 À/À ), but not promoter IV (Bdnf-e4 À/À ) or VI (Bdnf-e6 À/À ), expression resulted in severe deficits in thermogenesis. With green fluorescent protein (GFP) labeling driven by Bdnf promoter I, we identified discrete neuronal populations in the brain expressing Bdnf-e1 transcript. The thermogenesis-related neuronal circuits were labeled using a transsynaptic, retrogradetracing technique. By combining the two techniques, we have identified a subset of neurons in the lateral hypothalamus (LH) that were both thermogenesis related and Bdnf-e1 deficient. Activation of the BDNF receptor TrkB in these neurons by injecting a TrkB agonistic antibody to LH rescued some of the thermogenesis deficits in Bdnf-e1 À/À mice. Remarkably, we found that those Bdnf-e1þ/BATeconnected neurons are glutamatergic, and activating excitatory neurons (VGULT2þ) in LH through chemogenetic tools leads to a rise of BAT temperature. These results define a new role of promoter Iederived BDNF and identified a unique group of LH Bdnf-e1eexpressing neurons critical for thermogenesis.
METHODS

Animals
Bdnf-e1 À/À , -e4 À/À , and e6 À/À mice were generated as previously described [26] (see Table S1 for primers for genotyping), in which transcription from promoter I, IV, or VI produced eGFP protein instead of BDNF protein. Vgat-IRES-Cre (Stock No.028862) and Vglut2-IRES-Cre (Stock No. 028863) mice were from Jackson Laboratory. The animals were kept on a 12 h:12 h light/dark cycle with ad libitum access to water and a regular rodent chow (No. 1032 or No. 1035, 12mm irradiated pelleted, consisting of (proximate analysis) 10% moisture, 20.0% crude protein, 4.0% crude oil, 5.0% crude fiber, 8.0% ash, 1.0e1.8% calcium, and 0.6e1.2% phosphorus (Huafukang Biology co., Beijing, China). All experiments were conducted in accordance with a protocol (AP# 16-LB2) approved by the Tsinghua University Animal Care and Use Committee.
Cold exposure and temperature measurement
Mice were translocated to a 4 C incubator for 1 h, and rectal temperature was measured subsequently every half hour with a standard thermo-probe (A579, THERMOMETER, BIOSEB, Vitrolles, France) inserted in to the rectum (2.0-cm depth). BAT temperature was measured after 2 days by an IPTT-300 micro-thermosensor implanted subcutaneously above BAT.
Molecular biology studies
Tissue preparations
Age-matched adult male mice (wild type [WT] and Bdnf-e1 À/À ) were euthanized by CO 2 . Liver, BAT, gonadal white adipose tissue (WAT), medium prefrontal cortex (mPFC), amygdala, cerebellum, hypothalamus, and hippocampus were dissected and collected on ice. For micro-dissection of LH, dorsal medial hypothalamus (DMH), and VMH, w1-mm-thick coronal brain slices (Bregma À0.94 mm, À1.94 mm) were immediately prepared from fresh brain tissue by a Brain Matrices (RWD Life Science Co., Ltd., Product No. 68707). LH, DMH, and VMH were then dissected under 10Â bright-field microscopy with ophthalmic scissors and forceps. These tissues were immediately used for the following processes or frozen at À80 C for later use.
RNA extraction
Total RNA was isolated and extracted from targeted tissues using TRIzol (Invitrogen) according to the manufacturer's instructions. RNA was subsequently treated with DNase I (Takara) to remove genome DNA and quantified using a NanoDrop spectrophotomer (Denovix, Wilmington, USA). For quantitative polymerase chain reaction (qPCR), RNA was reverse transcribed into cDNA using PrimerScriptÔ RT Master Mix (TaKaRa) following the manufacturer's protocol.
qPCR
Quantitative PCR was performed with a CFX96 TouchÔ Real-Time PCR Detection System (BIO-RAD) using SYBRÒ Premix Ex TaqÔ II (Takara, Code No. RR820A) following the recommended two-step protocol. Primers used for qPCR were commercially synthesized (Life Technologies). Actb was used as a reference gene. See Table S2 .
Protein extraction
Dissected hypothalamus and hippocampus from each mouse were homogenized by grinding in 1 mL of ice-cold RIPA lysis buffer, followed by centrifugation for 30 min at 17,000Âg at 4 C. Supernatants were then collected, and 200-ml aliquots were used to assess the total protein concentration using the BCA Protein Assay Kit [29] . For western blotting, total protein concentrations were added with loading buffer and heated to 95 C for 10 min.
Western blotting
Total protein concentrations with loading buffer were fractionated via electrophoresis using a 10% sodium dodecyl sulfateepolyacrylamide gel electrophoresis gel (BIO-RAD) and transferred onto activated polyvinylidene difluoride membranes (BIO-RAD). Membranes were incubated in blocking buffer (5% bovine serum albumin in 0.1 M tris buffered saline with Tween) for 1 h at room temperature and then in primary antibody dilution buffer overnight at 4 C. After sufficient washing, membranes were incubated in secondary antibody (1:2500) dilution buffer. Again, after sufficient washing, signal detection (Tanon 5200, Shanghai, China) was achieved with SuperSignalÔ West Pico Chemiluminescent Substrate (Thermo Scientific). The protein bands were analyzed using ImageJ image analysis software. The primary antibodies used for immunoblotting were anti-TH (rabbit, 1:500, CST), TrkB (rabbit, 1:1000, CST), pTrkB (rabbit, 1:1000, CST), AKT (rabbit, 1:1000, Easybio), pAKT (rabbit, 1:1000, CST), PLCg (rabbit, 1:1000, CST), pPLCg (rabbit, 1:1000, CST), ERK (rabbit, 1:1000, CST), pERK (rabbit, 1:1000, CST), GAPDH (mouse, 1:5000, Easybio), and anti-btubulin (rabbit, 1:2500, Easybio).
2.3.6. BDNF ELISA BDNF protein levels were determined by a two-sided enzyme-linked immunosorbent assay (ELISA; R&D SYSTEMS) as described by the manufacturer. Lysates were loaded directly into 96-well plates without dilution. Absorbance was recorded and analyzed using a Cytation BioTeK plate reader (Winooski, USA). BDNF concentration (pg/ml) was normalized to total soluble protein (mg/ml) in each sample, and data were expressed as percentage change of WT (pg BDNF/mg total protein).
NE content measurement in BAT by the liquid chromatography-mass spectrometry method
BAT was dissected immediately after deep anesthetization with Avertin (500 mg/kg) and transferred to a 1.5-ml Eppendorf tube. Prechilled high-performance liquid chromatographyegrade methanol (at À80 C) was added to the tube according to the weight of the BAT tissue, with 100 ml per 10 mg of tissue. Tissues were homogenized for 1 min with tissue grinder on dry ice, vortexed for 30 s at 4 C, and incubated at À80 C for 2 h. After centrifugation at 14,000Âg for 20 min at 4 C, 500 ml supernatant was transferred to a new 1.5-ml Eppendorf tube. The supernatant was further lyophilized to pellet with Speedvac (Thermo Savant SPD1010). The dried samples were used for the NE measurement or stored in a À80 C freezer. The Dionex Ultimate 3000 ultra-performance liquid chromatography system was coupled to a TSQ Quantiva Ultra triple-quadrupole mass spectrometer (Thermo Fisher, CA), equipped with a heated electrospray ionization probe in positive ion mode. For NE analysis, a BEH amide column (1.7 mm, 2.1 Â 50 mm, Waters) was used. Mobile phase A was prepared by 95% acetonitrile and 5% water with 10 mM ammonium formate. pH was adjusted to 3.0 with formate solution. Mobile phase B was prepared by mixing 50% water with 10 mM ammonium formate and 50% acetonitrile and subsequently adjusting pH to 3.0 with formate solution. The linear gradient was 0 min, 2% B; 1.2 min, 2% B; 4.5 min, 98% B; 6 min, 98% B; 6.1 min, 2% B; and 8 min, 2% B. The flow rate was 0.25 ml/min. The column chamber and sample tray were held at 35 C and 10 C, respectively. Data were acquired in selected reaction monitoring for NE with transition of 170/107. Precursor and fragment ion were collected with a resolution of 0.7 full width at half maximum, respectively. The source parameters were as follows: spray voltage, 3500 V; ion transfer tube temperature, 350 C; vaporizer temperature, 300 C; sheath gas flow rate, 30 Arb; auxiliary gas flow rate, 10 Arb; and CID gas, 1.5 mTorr. To calculate the absolute value of BAT NE content, a linear standard curve was drawn by measuring 4, 8, 80, 400, and 2000 ng NE standard samples. Data analysis and quantitation were performed by the software Xcalibur 3.0.63 (Thermo Fisher, CA).
PRV inoculation
Recombinant pseudorabies virus (PRV) inoculation was performed in a biosafety level-2 operating room, according to a previous study [30] .
Mice were anesthetized with Avertin (200 mg/kg) and then were settled in a brain stereotaxic apparatus (RWD Life Science Co., Shenzhen, China). After the interscapular BAT was exposed, three 500-nl injections of a PRV (PRV-614, 10 9 pfu/ml, BrainVTA, Wuhan, China) were made into the brown fat on one side using a 10-ul Hamilton syringe with a 31gauge needle. Shortly after surgery, mice received metacam (1 mg/kg) for analgesia and were translocated to their home cages. At the 6th day after microinjection, the animals were deeply anesthetized by Avertin (350 mg/kg) and perfused with phosphate-buffered saline (PBS; 0.1 M) and paraformaldehyde (PFA; 4%).
Immunohistochemistry
Mice were deeply anaesthetized with Avertin (350 mg/kg) and transcardially perfused with PBS and 4% PFA sequentially. Brains were postfixed overnight, cryoprotected in 30% sucrose, and cut with a frozen microtome in coronal 50-mm sections. Brain sections were translocated into 24-well plates filled with 1 ml blocking buffer (5% goat serum, 0.3% TritonÔ X-100 [Triton was not added when staining membrane proteins, such as TrkB] in 0.1M PBS) for 1 h in the orbital shaker (80 r/min). The 24-well plates were incubated at 4 C in the orbital shaker (60 r/min) after adding primary antibody. Brain slices in the plate were washed by PBS three times and incubated with secondary antibody at 4 C overnight. Brain slices were incubated in Hoechst (5 mg/ml) for 10 min at room temperature, washed by PBS three times, and then mounted in mounting medium (H-1400, Vector Laboratories, Inc.) for confocal imaging (Zeiss LSM780 confocal microscope). Primary antibodies for immunostaining were GFP (chicken, 1:100, AVES), TrkB (mouse, 1:50, Santa Cruz), mRFP (rabbit, 1:1000, Takara), orexin (mouse, 1:200, Santa Cruz), MCH (mouse, 1:200, Santa Cruz), and cFos (rabbit, 1:1000, Synaptic Systems).
Primary mouse cultures of hypothalamic neurons
Pregnant mice at embryonic day 16e17 (E16-E17) were euthanized after being anesthetized with high-dose Avertin (400 mg/kg). Embryonic hypothalamic regions were dissected from brains on ice-cold DPBS immediately as a previous protocol described [31] . Hypothalamic tissues were digested with EDTA Trypsin (0.125%, Gibco) at 37 C for 15 min. The protease activities of trypsin were neutralized with plating medium (DMEM, 10% fetal bovine serum, 2 mM Gluta-MAXÔ Supplement, 1 mM sodium pyruvate; Gibco), and the brain tissues were gently triturated 4 to 5 times with a 1-ml pipette. Cells were filtered with a 40-mm Nylon mesh filter and plated with plating medium in a 6-well dish at a density of w4 Â 10 5 cells per well. The plating medium was removed 4 h later and replaced with 3 ml maintenance medium (Neurobasal medium, 1x B27 supplement, 2 mM GlutaMAXÔ supplement, 1 mM sodium pyruvate; Gibco). Half of the maintenance medium was changed every 3 days. At DIV7, hypothalamic neurons were treated with TrkB-agomab or BDNF for western blot analysis.
Stereotaxic injection of AAV and TrkB agonistic antibody
Mice were anesthetized with Avertin (200 mg/kg) and then settled in a brain stereotaxic apparatus (RWD Life Science Co., Shenzhen, China). For adeno-associated virus (AAV) injection, 100 nl AAV-DIO-hM3Dq-mCherry, or AAV-DIO-mCherry (OBiO Technology [Shanghai] Corp., Ltd., 1012 titer) was administered bilaterally into the LH of Bdnf-e1 À/À mice using a 10-ml Hamilton syringe with a 33-gauge needle. For antibody injection, 200 nl TrkB-agomab (3.4 mg/ml) or mouse normal IgG (3.4 mg/ml) was administered bilaterally into the LH of Bdnf-e1 À/À mice using a 10-ml Hamilton syringe with a 33-gauge needle. Infusion of the antibody (200 nl, 20 nl/min) was accomplished by a micro-syringe pump (KD Scientific, Holliston, USA). The following coordinates defined LH location: anteroposterior, À1.58 mm; mediolateral, AE1.0 mm; and dorsoventral, À4.80 mm relative to the bregma. At the end of the infusion, the needle was left in the brain for another 5 min to reduce backflow of the antibody. Shortly after surgery, mice received metacam (1 mg/kg) for analgesia and were translocated to their home cages.
Statistical analysis
Statistical analyses were performed using GraphPad Prism Software. The animal sample size for each study was chosen on the basis of literature documentation of similar well-characterized experiments, and no statistical method was used to predetermine sample size. Samples or animals were randomly assigned to experimental groups if applicable. No sample or animal was excluded from the analysis. Unpaired Student's t-test was used for comparison between the two genotypes (WT and Bdnf-e1 À/À ) t, whereas analysis of variance tests were performed for multiple samples comparison, followed by post hoc Bonferroni analysis. All data were expressed as mean AE SEM. Statistical significance was set at P < 0.05 as *, P < 0.01 as **, and P < 0.001 as ***.
RESULTS
Obesity phenotype in
Bdnf-e1 À/À mice To investigate the role of specific Bdnf promoters in energy balance regulation, we used mice in which one of the Bdnf promoters was selectively mutated. These mice were generated by inserting an enhanced green fluorescent protein (eGFP) followed by multiple STOP codons (eGFP-STOP cassette) downstream of a noncoding exon, respectively, as previously described (for example, e1 and e4 mutants shown in Figure 1A ,B) [27] . Genotyping analysis revealed structural alteration of exon I and exon IV, respectively, in e1 À/À and e4 À/À mice ( Figure S1AeD ). The insertion of the eGFP-STOP cassette resulted in transcription of mutant e1 mRNA instead of WT e1 mRNA ( Figure S1EeF ) and translation of eGFP instead of BDNF protein ( Figure S1G ). As an initial step toward characterizing mice with mutation in BDNF promoter I (Bdnf-e1 À/À ), which is known to be regulated by neuronal activity [32] , we recorded their body weight from 2 months to 9 months of age ( Figure 1C ). With normal chow feeding, we observed that Bdnf-e1 À/À mice became overweight starting around 3 months of age, and their body weight reached a plateau (about 50 g) at 6 months of age, compared with their WT littermates, which had a plateau of approximate 30 g ( Figure 1C ). At 6 months of age, Bdnf-e1 À/À mice also had a w8-mm longer body length compared with WT ( Figure 1D ). Similar to BDNF promoter I, BDNF promoter IV is highly regulated by neuronal activity [32] . We therefore performed the same experiments using the promoter IV mutant mice (Bdnf-e4 À/À ). In contrast to the Bdnf-e1 À/À mice, the body weight of Bdnf-e4 À/À male mice appeared normal at 2, 3, and 6.5 months of age ( Figure 1E ), suggesting that Bdnf promoter I but not promoter IV participates in energy balance regulation. To confirm that the obesity phenotype occurred only in adulthood, we measured the body weight of Bdnf-e1 À/À male mice before sexual maturity. From 4 weeks to 8 weeks of age, there was no difference in body weight between WT and Bdnf-e1 À/À mice ( Figure 1F ). A similar obesity phenotype was also observed in 4-month-old female mice (Table S3 ). The microecomputed tomography technique, which could effectively detect different types of fat tissues based on their densities [33] , was used to further examine adipose depots in WT and Bdnf-e1 À/À mice ( Figure 1G ,H). We found that both BAT and WAT were enlarged in Bdnf-e1 À/À mice at 9 months of age. Notably, in WT mice, there was nearly no detectable adipose depot in the pleural cavity, while fat was found to accumulate around the heart and aorta in Bdnf-e1 À/À mice ( Figure 1H ). Quantitative analysis of several adipose depots of BAT and WAT (subcutaneous WAT [SWAT], visceral WAT [VWAT], and heart surrounding WAT [HWAT]; Figure 1I and Video 1, 2), with volume normalized to body weight, indicated that enlarged adipose tissues make a major contribution to the overweight phenomenon in Bdnf-e1 À/ À mice.
Supplementary video related to this article can be found at https://doi. org/10.1016/j.molmet.2019.11.013.
3.2. Impaired BAT thermogenesis in Bdnf-e1 À/À mice As we observed the enlarged BAT, we next investigated whether the morphology and function of BAT were impaired in Bdnf-e1 À/À mice. We first examined and compared the cell morphology in the BAT of Bdnf-e1 and e4 À/À mice. Hematoxylin and eosin staining of BAT paraffin-embedded tissue sections revealed a dramatic change in cellular morphology, with larger lipid droplets in brown adipocyte cells of Bdnf-e1 À/À mice (Figure 2A ). Quantitative analysis of droplet number per square millimeter in BAT sections indicated a significant decrease in droplet number in Bdnf-e1 À/À mice, suggesting an increase in the lipid droplet size ( Figure 2B ). However, Bdnf-e4 À/À mice showed a normal size of lipid droplets in brown adipocyte cells. We next examined the expression of thermogenesis-related genes in BAT by real-time qPCR ( Figure 2C ). One of the key thermogenesis genes is Ucp1. It is a mitochondrial transmembrane protein that uncouples protons moving down their mitochondrial gradient from ATP synthesis, allowing energy to be dissipated as heat [29] . The expression of Ucp1 mRNA was dramatically decreased in the BAT of Bdnf-e1 but not e4 À/À mice. Similarly, the mRNA level of Pgc1a, a transcriptional coactivator regulating the expression of genes involved in thermogenesis including Ucp1, was also decreased in Bdnf-e1 À/À BAT. Previous studies have suggested that adaptive thermogenesis could reflect BAT thermogenesis ability [34] . We next measured adaptive thermogenesis directly by cold exposure experiment. WT and Bdnf-e1 À/À mice were translocated into a 4 C incubator for a short period (1 h), during which rectal temperature was measured ( Figure 2D ). We first observed a mild decrease in the rectal temperature when the Bdnf-e1 À/À mice were at room temperature ( Figure 2D , 0 h), indicating decreased thermogenesis in their baseline state. Next, we found that cold exposure resulted in a much greater decrease in rectal temperature in the Bdnf-e1 À/À mice compared with that in WT mice, further demonstrating deficiency in adaptive thermogenesis in Bdnf-e1 À/À BAT ( Figure 2D, 1 h) . The experiments of cell morphology, gene expression, and thermogenic function together suggest that selective disruption of promoter Iedriven BDNF expression results in a significant deficit in BAT-mediated baseline thermogenesis as well as adaptive thermogenesis.
To determine whether Bdnf-e1 transcript is expressed in nonneuronal tissues and whether BDNF could function directly in the periphery to regulate BAT thermogenesis, we measured levels of Bdnf-e1 transcript and BDNF protein in liver, BAT, and WAT. Unlike in the brain, no Bdnf-e1 transcript was detected in liver, BAT, or WAT ( Figure S2A ). Indeed, we found a very low level of BDNF protein in liver, BAT, or WAT but a moderate level in muscle and heart ( Figure S2B ). However, no significant difference was observed between WT and Bdnf-e1 À/À mice in any of those peripheral tissues. These findings suggest that the Bdnf-e1 transcript functions mainly in the brain rather than in peripheral tissues for BAT thermogenesis, although this brain-specific transcript is globally knocked out in our Bdnf-e1 À/À mice. BAT-mediated thermogenesis is controlled by sympathetic outflow.
Activation of b-noradrenergic receptors on brown adipocyte membrane by NE released from sympathetic nerve terminals results in an increase in UCP1 [3, 5] . We directly measured the NE level in the BAT of WT and Bdnf-e1 and e4 À/À mice using liquid chromatographyemass spectrometry (see the Methods section). There The Bdnf gene in the mouse has 9 noncoding exons (exon 1e9, blue rectangles) and one coding exon (exon 10, blue rectangle with coding region noted). Each noncoding exon could be transcribed from its respective promoter and alternatively spliced to exon 10 to translate the same BDNF protein. An eGFP-STOP cassette (eGFP, green rectangle, followed by multiple stop codons, black-shaded rectangle) is inserted after exon 1 to generate Bdnf-e1 mutant mice. In Bdnf-e1 À/À mice, the e1 transcript (mutant e1 mRNA) driven by promoter I expresses eGFP but not BDNF protein because of the presence of stop codons. (C) Body weight of WT (blue) and Bdnf-e1 À/À (red) male mice from 2 months to 9 months of age. (D) Body length of WT (blue) and Bdnf-e1 À/À (red) male mice at the age of 6 months. (E) Body weight of WT (blue) and Bdnf-e4 À/À (orange) male mice at 2, 3, and 6.5 months. (F) Body weight change before sexual maturity in WT and Bdnf-e1 À/À mice. (G) Photographs of WT and Bdnf-e1 À/À mice at 9 months of age. (H) Microecomputed tomography images of bone (white), VWAT (green), BAT (red), and HWAT (blue) in WT and Bdnf-e1 À/À mice with pseudo-color. (I) Normalized volume of SWAT, VWAT, BAT, and HWAT with body weight in WT and Bdnf-e1 À/À mice. In this and all other figures, data are shown as mean AE SEM; n.s., no significant change; *p < 0.05; **p < 0.01; ***p < 0.001. "n" or the number associated with each column represents the number of animals used. Note that a marked body weight increase was observed in Bdnf-e1 À/À mice as early as 3 months. was a significant decrease in the NE level in Bdnf-e1 but not in e4 À/À mice, compared with that in WT mice ( Figure 2E ). In addition, we found that the level of tyrosine hydrolase (TH), the rate-limiting enzyme in NE synthesis and also a marker for sympathetic nerve activity [12] , was significantly decreased in the BAT of Bdnf-e1 À/À mice ( Figure 2F) . Thus, the deficit in thermogenesis seen in adult Bdnf-e1 À/À mice could be due to an attenuated sympathetic activity in BAT. Next, we investigated whether BAT thermogenesis was the cause or consequence of obesity. The BAT analyses above were performed at the age of 10e11 weeks (<3 months), prior to overt obesity observed in Bdnf-e1 À/À mice. Both the body weight and body length exhibited a trend of increase but showed no statistical significance at this time point ( Figure 3A,B) . However, the BAT weight ( Figure 3C ) and Ucp1 mRNA ( Figure 3D ) expression of Bdnf-e1 À/À mice were significantly decreased compared with WT mice. Moreover, we found that the TH level was decreased ( Figure 3E,F) , indicating a reduced sympathetic outflow well before the overt obesity phenotype was observed. Taken together, the deficits of BAT thermogenesis could be one of the contributors that result in the obesity phenotype in Bdnf-e1 À/À mice.
Distribution of Bdnf-e1 transcript in brain
To establish the link between Bdnf promoter I disruption and the deficit in BAT sympathetic outflow, we need to map the distribution of the Bdnf-e1 transcript in the brain (Figure 4 ). The design of our knock-in mice is such that the Bdnf exon 1 is followed by an eGFP sequence with multiple stop codons. Western blot reliably detected eGFP expression in the hypothalamus of the Bdnf-e1 À/À mice ( Figure S1B ). Immunostaining using an anti-eGFP antibody (see the Methods section) detected the Bdnf-e1edriven eGFP, revealing cells with a high level of Bdnf-e1 expression. In coronal sections of the Bdnf-e1 À/À brain, Bdnf-e1eexpressing neurons were reliably observed in the following five brain regions (Figure 4AeE ): cingulate cortex 2 (Cg2), Hematoxylin and eosin (HE) staining of BAT in WT, Bdnf-e1 À/À , and Bdnf-e4 À/À mice at w5 months of age. Upper right corner, enlarged images of the red rectangular areas. Note that the lipid droplets are much larger in the BAT of Bdnf-e1 À/À mice as compared with those in WT mice. (B) Droplet number per mm 2 in the BAT sections of WT, Bdnf-e1 À/À , and Bdnf-e4 À/À mice. A smaller average number means larger lipid droplets in the BAT of Bdnf-e1 À/À mice. Paraffin-embedded BAT sections of those mice were used for HE staining and statistics. (C) Expression of thermogenesis-related genes (Ucp1 and Pcg1a) in the BAT of WT, Bdnf-e1 À/À , and Bdnf-e4 À/À mice at w5 months of age. Relative levels of Ucp1 and Pcg1a mRNAs in BAT from Bdnf-e1 À/À mice were normalized to those from WT mice after a real-time qPCR assay. (D) Rectal temperature of WT and Bdnf-e1 À/À mice at room temperature and after exposing animals to 4 C for 1 h. (E) Levels of NE in BAT of WT, Bdnf-e1 À/À , and Bdnf-e4 À/À mice measured by the LS-MS method. (F) Immunoblotting of tyrosine hydrolase (TH), a marker for sympathetic innervation, of BAT extracts from WT and Bdnf-e1 À/À mice. b-tubulin was used as a loading control. Quantification of the immunoblot shown in a lower panel. The TH levels in BAT from Bdnf-e1 À/À mice were normalized to those from WT mice.
Original Article basal lateral amygdala (BLA), LH, medial amygdaloid nucleus (MePV), and amygdalopiriform transition area (APir). In some other regions, such as PVH ( Figure 4F ), ventromedial hypothalamus (VMH) ( Figure S3A ), and dentate gyrus (DG) ( Figure S3B ), we observed fewer neurons with fainter Bdnf-e1edriven eGFP signals.
Among the five regions with strong Bdnf-e1eeGFP expression, LH was the only one previously implicated in BAT thermogenesis [35] . Therefore, we examined BDNF production in the LH of Bdnf-e1 À/À mice with BDNF ELISA. BDNF protein in LH, when normalized to total proteins, decreased by approximately 50% in Bdnf-e1 À/À mice, compared with WT animals ( Figure 4G ). However, BDNF protein in VMH showed no significant decrease in Bdnf-e1 À/À mice. Taken together, a disruption of promoter Iedriven BDNF expression in LH may contribute to the thermogenesis deficit in Bdnf-e1 À/À mice.
To determine whether the thermogenesis deficit in Bdnf-e1 À/À mice was due to the disruption of Bdnf promoter I alone, we measured the expression of other Bdnf transcripts in different brain regions. As expected, disruption of promoter I did not alter Bdnf transcription through promoter II, IV, or VI at 9 months of age in the hypothalamus, mPFC, amygdala, or hippocampus ( Figure S4AeE) . Notably, the expression of e2 and e6 transcripts in the cerebellum was decreased, and that of e6 transcript in the mPFC was slightly increased. As the cerebellum and mPFC are generally not involved in thermogenesis, the slight changes of other promoters' activities in these two brain regions might not contribute to the impaired BAT thermogenesis in Bdnf-e1 À/À mice. Finally, we focused on the hypothalamus and examined all remaining transcripts of BDNF (e3, e5, e7, e8, e9). No significant difference was found between the two genotypes in any of these transcripts ( Figure S4F ). Thus, Bdnf promoter I is perhaps the key promoter involved in thermogenesis.
Distribution of BAT-connected neurons in brain
To identify a key region(s) involved in the thermogenesis, we needed to examine all brain areas directly and indirectly innervating or projecting to BAT. By injecting into BAT the PRV, which is known to undergo multiple, trans-synaptic retrograde transport [36, 37] , we were able to label the entire neuronal circuits connected to BAT. Six days after infection of PRV-614-mRFP (red fluorescent protein) in BAT, the brain sections were immunostained with antibodies against PRV driven mRFP. Six brain areas were found to be connected to BAT, including S1HL (primary sensory cortex, hindlimb region) ( Figure 5A ), PVH ( Figure 5B ), LH ( Figure 5C ), VMH ( Figure 5D ), periaqueductal gray (PAG) ( Figure 5E ), and raphe pallidus nucleus (RPa) ( Figure 5F ). Among these areas, only LH was found to also express Bdnf-e1eeGFP, raising the possibility that Bdnf-e1 and PRV are co-expressed in the same neurons in LH.
Bdnf-e1eexpressing neurons in BAT thermogenesis
To determine whether Bdnf-e1eexpressing neurons may connect to BAT, we used a double-labeling method. Combining PRV-614-mRFP tracing and Bdnf-e1edriven eGFP immunostaining, we investigated which group of Bdnf-e1eexpressing neurons was involved in neuronal circuits subserving BAT thermogenesis. Six days after infection of PRV-614-mRFP in BAT of Bdnf-e1 À/À mice, the brain sections were immunostained with antibodies against PRV-driven mRFP and Bdnf-e1edriven eGFP. In agreement with previous studies [38] and our data ( Figure 5 ), neurons in several brain regions including two hypothalamic nuclei, PVH (Figure 6A ,B) and LH ( Figure 6C,D) , were labeled by BAT-derived PRV-614-mRFP.
A previous study showed that BDNF in the BAT-connected PVH neurons regulates sympathetic outflow to BAT [12] . However, the retrogradely labeled PVH neurons (red) did not express Bdnf-e1e driven eGFP (green) ( Figure 6A,B ), suggesting that these BATconnected PVH neurons do not use Bdnf-e1ederived BDNF to regulate BAT functions. Interestingly, we found that BAT-connected neurons (red) in LH expressed Bdnf-e1edriven eGFP (green) ( Figure 6C,D) . Quantitative analysis revealed that close to 90% of thermogenesis-related neurons in LH were labeled with Bdnf-e1e driven eGFP ( Figure 6E ). Moreover, we found the Bdnf-e1 expression in other regions that could drive BAT, including the preoptic area ventromedial part (VMPO), VMH, and RPa [37] . However, we found no overlap between Bdnf-e1eexpressing neurons and BAT-connected Quantification of the immunoblot in (e). The TH levels in BAT from Bdnf-e1À/À mice were normalized to those from WT mice. In this figure, WT mice n ¼ 5; Bdnf-e1 À/À mice n ¼ 5, 10e11 weeks.
neurons in the VMPO ( Figure S5A ) or DMH/VMH ( Figure S5B) , and no Bdnf-e1 expression was detected in the RPa (Figure S5C ). Taken together, we have identified a new population of Bdnf-e1e expressing BAT-connected neurons in LH that are potentially involved in thermogenesis.
Attenuation of thermogenesis defect by restoring BDNF-TrkB signaling in LH
To investigate the function of promoter Iederived BDNF in BATconnected LH neurons, we examined the expression of TrkB, the receptor of BDNF in these neurons. As shown in Figure 7A , many neurons in LH were immunoreactive for TrkB. Interestingly, double staining of TrkB and PRV-driven mRFP revealed that virtually all BATconnected neurons expressed TrkB (Figure 7B,C) . To ensure the specificity of TrkB staining, we used a different TrkB antibody. Again, we found that most BAT-connected neurons were TrkB immunereactive (data not shown). If a reduction of Bdnf-e1ederived BDNF in LH leads to the BAT thermogenic deficit, activation of BDNF-TrkB signaling locally in LH neurons should alter at least some aspects of BAT thermogenesis. BDNF is a sticky protein with a very short half-life [21, 39] . We therefore used a specific TrkB agonist, a monoclonal antibody named TrkB-agomab [40] , for the rescue experiment. In primary cultured hypothalamic neurons, application of TrkB-agomab for 1 h elicited a robust, dosedependent phosphorylation of TrkB tyrosine kinase and triggered its three main downstream signaling pathways, PLC-g, AKT, and MAPK ( Figure 7D ). We then examined whether infusion of TrkB-agomab locally to LH could attenuate thermogenesis deficits in Bdnf-e1 À/À mice. The TrkB-agomab was delivered bilaterally into LH ( Figure 7E , left; 200 nl, 3.4 ng/ul), and 3 days after injection, substantial amounts of the mouse TrkB-agomab were detected in LH using a goat antimouse-IgG antibody (Figure 7E, right) . Rectal temperature was monitored in a cold exposure experiment [41] . After 1 h of exposure to 4 C, the Bdnf-e1 À/À mice injected with a control antibody (IgG, 200 nl, 3.4 ng/ul) to bilateral LH showed a marked decrease in rectal temperature ( Figure 7F ). In contrast, in the Bdnf-e1 À/À mice injected with the same amount of TrkB-agomab, the decreased rectal temperature during cold exposure was markedly attenuated ( Figure 7F) . Moreover, the thermogenesis marker Ucp1 expression in BAT was also increased 2 weeks after TrkB-agomab injection ( Figure 7G ). It is conceivable that there are also TrkB-expressing afferent fibers in LH. Thus, activation of TrkB on Bdnf-e1 neurons or TrkB-expressing fibers in LH could rescue the deficit in adaptive thermogenesis in Bdnf-e1 À/À mice.
3.7.
Bdnf-e1þ/BAT-connected neurons are glutamatergic and their contribution to BAT thermogenesis We further determined the nature of these LH Bdnf-e1þ/BAT-connected neurons. First, an AAV-DIO-mCherry virus was injected in the LH of Vgat or Vglut2-IRES-cre mice to label specifically the GABAergic or glutamatergic neurons in LH. Next, another PRV (PRV-152-GFP) was injected into the BAT of these mice to label retrogradely all thermogenesis-related neurons. Because there was about 90% overlap between the Bdnf-e1eexpressing and the BAT-connected neurons, the PRV-152-GFPepositive cells essentially represent the newly identified "thermogenesis related" neurons in LH. Surprisingly, most BAT-connected LH neurons (PRV-GFP þ , green) expressed mCherry signal (red) in Vglut2 ( Figure 8A) but not Vgat-cre mice ( Figure 8B) . A preliminary characterization showed that within the subregion where the BAT-connected neurons were located, there was Bdnf-e1 À/À mice (4 months old) received bilateral injections of either IgG or TrkB agonistic antibody into LH and recovered for 3 days. Rectal temperatures were measured at room temperature and 1 h after the animals were exposed to 4 C. (G) Effect of TrkB agonistic antibody (TrkB-agomab) on the expression of thermogenesis marker Ucp1 in BAT. Bdnf-e1 À/À mice (4 months old) received a bilateral injection of either IgG or TrkB agonistic antibody into the LH and were housed in their home cages for 2 weeks. Ucp1 mRNA expression in BAT was measured by real-time qPCR. The data for the TrkB-agomabetreated group were normalized to the IgG-treated group.
a >90% overlap between the PRV-GFP and mCherryepositive cells (data not shown), suggesting that most BAT-connected neurons are glutamatergic.
Orexin [42] and melanin concentrating hormone (MCH) [43e45] are two neuropeptides known for their roles in energy expenditure. We next determined their relationships with the Bdnf-e1eexpressing BAT- connected neurons in LH. Immunostaining was performed on brain sections derived from the PRV-infected mice, using anti-orexin or anti-MCH antibody. Many neurons were stained positively for orexin ( Figure S6A ) or MCH ( Figure S6B ). However, there was minimal overlap between the BAT-connected neurons and the orexin-or MCH-positive neurons. Quantitative analyses revealed there were only 9. 46 Figure 8C ). We next implanted micro-thermosensors (IPTT-300) subcutaneously above the BAT to record the BAT temperature (see the Methods section). After intraperitoneal injection of clozapine-N-oxide (CNO; 1 mg/kg), which could bind hM3Dq to activate neurons, we measured the BAT temperature of both Vglut2-IRES-Cre and WT mice over time. We found that the BAT temperature increased about 6% and was sustained over 4 h after providing CNO in Vglut2-IRES-cre mice, while in WT mice, the BAT temperature also increased transiently but went back to the normal state less than 1 h after CNO injection ( Figure 8D ). Given that Bdnf-e1þ/BAT-connected neurons are glutamatergic, the chemogenetics experiments provide further support that the BAT-connected glutamatergic neurons in LH play an important role in thermogenesis regulation.
DISCUSSION
The present study began by addressing the role of specific Bdnf promoters in obesity and thermogenesis. Unexpectedly, we found a specific subpopulation of glutamatergic neurons in the LH that plays a key role in thermogenesis. An important discovery of the present study is the identification of a new hypothalamic region, LH, that mediates BDNF regulation of thermogenesis. Previous studies have found that PVH is also a crucial region for BDNF-enhanced thermogenesis [12] . As we could observe fewer neurons with fainter Bdnf-e1edriven eGFP signals in PVH ( Figure 4F ), the regulation of BDNF-enhanced thermogenesis by PVH should rely on other BDNF promoters. Thus, we examined Bdnf-e4 and Bdnf-e6 expression in Bdnf-e4 and -e6 À/À mice respectively, and found moderate GFP expression in the PVH region ( Fig. S7 ), suggesting a potential role of Bdnf-e4 and/or Bdnf-e6 in the PVH-mediated regulation of energy balance. However, we found normal BAT morphology and no expression change of thermogenic genes in Bdnf-e4 ( Figure 2 ) and -e6 À/À mice ( Figure S8 ). Thus, promoters other than e1, e4, and e6 may also participate in the PVH regulation of thermogenesis. Future studies will be necessary to clarify these issues. Moreover, other brain regions involved in BDNF regulation of thermogenesis remain to be identified. LH contains multiple neuronal types that are involved in a plethora of functions, including sleep-wake regulation [46e48], reward seeking [49e51], feeding [51e56], glucose homeostasis [43] , and stress responses [57] . Although a pharmacological study has shown that administration of NMDA or bicuculline (a GABA antagonist) to rat LH increased BAT temperature as well as sympathetic nerve activity [30] ,
it is unclear what types of neurons in LH are involved and how they elicit thermogenesis regulation. Using the PRV transsynaptic, retrograde tracing method [37] , we labeled all neurons functionally connected to BAT and therefore presumably the neural circuits controlling BAT-mediated thermogenesis. In conjunction with Bdnf-e1eeGFP immunostaining, we found that only a subset of BAT-connected neurons in the brain co-expressed Bdnf-e1 transcript, and these neurons were virtually all localized in LH. These results imply that thermogenesis regulation may be achieved by Bdnf-e1emediated BDNF expression in the BAT-connected neurons in LH. To determine the type(s) and characteristics of Bdnf-e1þ/BAT-connected neurons in LH, we have performed double-staining of the BAT-connected neurons and several candidate transmitters/neuropeptides previously implicated in energy balance. Orexin and MCH, two abundant neuropeptides in LH, have been implicated in energy homeostasis [4,43e45,58e62 ]. Administration of orexin to rRPa, an orexin receptor expressing nucleus known to be involved in thermogenesis, has been shown to enhance sympathetic nerve activity in BAT [30, 63] . Thus, the LH orexin neurons projecting to rRPa could regulate thermogenesis by releasing orexin in this target region. Interestingly, ablation of orexin-expressing neurons, but not deletion of the orexin gene, altered cold defensive thermogenesis in mice [64] , implying that factors other than orexin in the orexin-expressing neurons may contribute to adaptive thermogenesis regulation [65] . Our study showed that the BAT-connected, Bdnf-e1e expressing neurons in LH are not orexin positive, suggesting that BDNF expression through Bdnf promoter I may be a new player in addition to, or complementary with, orexin-expressing neurons in LH, for thermogenesis regulation. As for MCH, most previous studies have focused on its roles in food intake [44] and insulin resistance [62] , rather than thermogenesis. Our study here found that very few BAT-connected neurons in LH expressed MCH, making them less likely to be involved in BAT-related thermogenesis directly. Most importantly, our experiments revealed that these BAT-connected neurons were Vglut2þ excitatory neurons, but not GABAergic inhibitory neurons. Perhaps, orexin (or MCH) neurons interact with the Bdnf-e1e expressing glutamatergic neurons locally in LH to modulate thermogenesis indirectly. Another interesting observation we made was that the Bdnf-e1e expressing neurons in LH also expressed its receptor, TrkB. To determine whether activation of TrkB in these neurons locally could modulate their own neural plasticity by BDNF-TrkB signaling, we delivered a TrkB agonistic antibody locally to LH of Bdnf-e1 À/À mice. Indeed, infusion of the TrkB-agomab to LH successfully rescued their thermogenesis deficits, including the decrease in thermogenic genes Ucp1 and the impairment in body response to cold ( Figure 7F,G) in Bdnf-e1 À/À mice. While this result is interesting, there are a number of concerns. First, we have shown that the application of TrkB-agomab could trigger the downstream signaling pathways, PLC-g, AKT, and MAPK, by western blot analysis in primary cultured hypothalamic neurons. Because of the lack of phospho-PLC-g, -AKT, and -MAPK antibodies for reliable immunostaining, it is difficult to detect those signaling pathways in TrkB þ neurons of LH in vivo. Using c-Fos immunostaining to reveal TrkB-agomabeinduced neuronal activation, we now show that c-Fos was induced in TrkB þ neurons 2 h after the infusion of TrkB-agomab in LH ( Figure S9A ), while only a few c-Fos þ neurons were detected after the administration of control IgG ( Figure S9B ). These data suggest that TrkB-agomab could also activate neurons in vivo. Second, given that TrkB is widely expressed in regions outside LH, we need to address whether TrkB agonist antibody also activated neurons outside LH. We found that TrkB-agomab was confined to the LH region 2 weeks after microinjection ( Figure 7E ).
While a minute amount of TrkB-agomab could still diffuse outside LH, it was beyond the detection limit of TrkB staining ( Figure 7E ), and its concentration may not be high enough to activate TrkB. Third, TrkBagomab injected into LH could act on TrkB-expressing afferent axons from another brain-innervating LH. Our current data cannot rule out this possibility. Fourth, although TrkB-agomab could rescue thermogenesis deficits, direct infusion of TrkB-agomab in such a small brain region of the hypothalamus could not completely overturn the obesity phenotype in Bdnf-e1 À/À mice (data not shown). These results suggest that Bdnf-e1 expression in BAT-connected neurons in LH are necessary, but not sufficient, for thermogenesis regulation. Perhaps some other brain regions also participate in thermogenesis through Bdnf-e1ederived BDNF expression. Future studies will be necessary to clarify these issues.
One may also ask why recombinant BDNF protein or BDNF-expressing virus are not used instead of TrkB-agomab. The advantages of using TrkB-agomab are its long half-life as well as its specificity on the TrkB and not p75 NTR . TrkB-agomab injected into the brain could last for days or even more than a week (Wei et al., submitted). Thus, a single injection of the antibody into LH resulted in an increase in Ucp1 expression for as long as 2 weeks ( Figure 7F ). In contrast, the t1/2 of BDNF is only a few hours [66] , and therefore, BDNF needs to be delivered constantly through a cannula implantation of an osmotic pump. Viral expression of BDNF could avoid the short t1/2 problem, but it may elicit some unwanted side effects caused by overexpression and/or activation of its low-affinity receptor p75 NTR in addition to TrkB. We show that activation of the Vglut2þ neurons in LH by chemogenetic tools resulted in a rise in BAT temperature ( Figures 8C and 5D ), suggesting a causal relationship between LH Vglut2þ neurons and BAT thermogenesis. One may argue that some Vglut2þ neurons were activated that are not BAT connected. However, our preliminary results showed that the Vglut2þ BAT-connected neurons were largely overlapping. To completely alleviate this concern, one would need to activate only BAT-connected neurons but not other excitatory neurons in LH. This is difficult, since the current version of multisynaptic retrograde tracing tools such as PRV is toxic to certain extent. In our observation, mice died within 2 weeks after infection with the virus, whether no matter PRV-614 (red) or À152 (green) was injected into BAT. This prohibited the expression of chemogenetic or optogenetic genes specifically in the BAT-connected neurons. Future work using single-cell transcriptomic analysis should identify the specific markers for BAT-connected neurons and therefore manipulate these LH neurons specifically. To determine whether the deficit of BAT thermogenesis is the cause or the consequence of obesity, we have performed experiments using Bdnf-e1 À/À mice of 10e11 weeks of age, when body weight just begins to rise. At this age, both the body weight and body length had a trend of increase but showed no significance ( Figure 3A,B) . However, the BAT weight ( Figure 3C ) and Ucp1 ( Figure 3D ) expression in Bdnf-e1 À/À mice were significantly decreased compared with those in WT mice. Moreover, we found that the level of TH was also obviously decreased ( Figure 3E ), indicating a reduced sympathetic outflow well before the overt obesity phenotype was observed. Taken together, while we cannot say that the deficits of BAT thermogenesis were the cause of obesity, they could be important contributors to the obesity phenotype in Bdnf-e1 À/À mice. It remains to be determined whether Bdnf-e1 À/À mice may have other deficits in energy balance in addition to thermogenesis. In a recent study, McAllan et al. reported a hyperphagia phenotype in the same Bdnf-e1 À/À mice [67] . However, under our experimental conditions, we have not seen an obvious hyperphagia phenotype ( Figure S10 ). Careful comparison of the two studies suggest that the major difference may lie in the housing strategies. Specifically, McAllan et al. housed two animals in a cage with a transparent divider to avoid the aggressive attacks by the Bdnf-e1 À/À mice mutants, while we grouphoused all WT and mutant mice from the same mother to eliminate aggressive behavior. Thus, we hypothesized that early social isolation coupled with Bdnf-e1 knockout (environment X gene, "G X E"), but not Bdnf-e1 knockout alone, could lead to hyperphagia reported in the McAllan et al. study. Perhaps Bdnf-e1 expression in brain regions other than LH may play a role in this "G X E" process, regulating body weight through controlling food intake. Further studies are necessary to understand the other factors that contribute to the obesity phenotype regulated by Bdnf-e1 and to test the G X E hypothesis described above.
CONCLUSION
In summary, we found that genetic inhibition of Bdnf promoter I (Bdnf-e1 À/À ), but not promoters IV (Bdnf-e4 À/À ) or VI (Bdnf-e6 À/À ), resulted in deficits in BAT-mediated thermogenesis. Transsynaptic, retrograde tracing of the BAT-connected neuronal circuit combined with GFP labeling of Bdnf-e1eexpressing cells demonstrated that in LH, the BAT-connected neurons largely coincide with Bdnf-e1 expression. Disruption of Bdnf-e1 expression in these neurons impaired body temperature response to cold as well as BAT expression of thermogenesis genes Ucp1 and Pcg1a. Activation of these neurons by either TrkB agonists or chemogenetic tools enhanced BAT-mediated thermogenesis. Taken together, these results have unraveled a unique subset of LH neurons critical for thermogenesis regulation and provide new insights into how different Bdnf promoters could control many different brain functions.
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